One Sentence Summary: Syncytins are fusogenic cellular proteins that can pseudotype lentiviral gene transfer vector particles, achieving efficient gene transfer into primary quiescent B cells and reducing the in vivo immunogenicity of the particles following systemic administration.
Introduction
Efficient viral vectors for gene transfer have enabled the recent clinical successes of gene therapy in genetic diseases or cancer. Yet, the in vivo use of viral vectors can be limited by adaptive immune recognition of their components. Advanced self-inactivated HIV-1derived lentiviral vectors (LV) are powerful vectors that stably transduce quiescent cells, integrate safely into the host cell chromatin and permit long-term engraftment of transduced cells (reviewed in (1-3). The entry of LV into target cells is mediated by envelope glycoproteins which interact with cellular receptors on target cells and induce cell:virus membrane fusion. The most commonly-used envelope glycoprotein to pseudotype LV is the vesicular stomatitis G glycoprotein (VSVG) enabling gene delivery into a broad range of target cells with exception of certain cell types such as quiescent human T or B cells which poorly express the cognate LDL receptors (4) . LV are largely employed for ex vivo gene therapy and in vivo they are used locally in the brain or eye where immune reactions are limited. However, VSVG is immunogenic and the systemic administration of LV-VSVG to C57BL6 mice leads to the transduction of macrophages in the liver and of dendritic cells in lymphoid tissues, inducing inflammation and strong CD4 and CD8 T cell immune responses against transgene products (5) (6) (7) . Envelope glycoproteins of LV are key determinants of their interactions with the immune system. VSVG can be shielded with CD47 to prevent uptake by liver Kupfer cells and to reduce inflammatory signals in vivo (7) . Alternatively, various LV pseudotypes exist, many of which have been elaborated from mutated and engineered viral envelope glycoproteins to increase cell-specific targeting in particular towards B cells or to permit in vivo LV delivery, as reviewed recently (8) . Yet these systems which are always based on the use of viral platforms are not devoid of immunogenic potential. Possibly, replacing the exposed viral components of LV envelopes by endogenous cellular components to which the host is tolerant could reduce immunogenicity but this has not been effectively obtained or tested in immunocompetent hosts.
During evolution, endogenous retroviruses (ERV) have entered the germline of mammalian hosts. Some ERV genes have become endogenized, persisting over tens of millions of years in mammalian genomes as they confer physiological functions (9) . This is the case of syncytin genes which are cellular genes corresponding to functional ERV env open reading frames found as single copies, and which promote the formation of the syncytiotrophoblast during placentation (10) (11) (12) (13) . Structurally, syncytins resemble typical retroviral env glycoproteins produced by cleavage of a precursor polypeptide into two mature proteins that associate as homotrimers. A surface subunit serves for receptor recognition and a transmembrane subunit bears a fusion peptide and an immuno-suppressive domain (14) . Various syncytin genes have been identified in the genomes of all mammalian species examined, resulting from independent gene captures (13) . In the human genome, two syncytin genes ERVW-1 (syncytin 1 or Syn1) and ERVFRD-1 (syncytin 2 or Syn2) have entered the primate lineage between 25-40 million years ago. They interact respectively with membrane receptors identified as the neutral amino acid transporter ASCT-2 (SLC1A5 gene) and ASCT-1 (SLC1A4 gene) for Syn1, and the phospholipid transporter/symporter MFSD-2A for Syn-2 (15, 16) (17) . In mice, syncytin-A (SynA) and syncytin-B (SynB) which are phylogenetically unrelated to human Syn1 and Syn2 have entered the Muridae lineage more than 20 million years ago. Murine syncytins are also fusogenic, highly expressed in placenta (11) and required for its development, SynA being critically-required to maintain gestation (18) . Recently, Ly6e, a GPI-anchored membrane protein was identified as the receptor for SynA (19) while the receptor for SynB remains unknown. Outside of the placenta, syncytins also contribute to other important membrane fusion processes as they are up-regulated in regenerating skeletal muscle after strong exercise (20) and SynB promotes myoblast fusion and muscle formation, contributing to the male muscle sexual dimorphism in mice (21) . SynB also contributes to the formation of multinucleated osteoclasts without being essential for bone homeostasis (22) . Some syncytins are endowed with immunosuppressive properties which are linked to immunosuppressive domain motifs (23) but these immunosuppressive mechanisms are not well known and not as conserved as the fusogenic capacity of syncytins.
Syncytins have not yet been practically employed to pseudotype gene transfer vectors. Syn1-pseudotyped recombinant HIV-derived LV have been reported, but titers were low and further reduced by concentration, freezing and thawing rendering the preparations useless (24) . A deletion of the R intracytoplasmic region increased the fusion efficiency and infectious titers but this was not practically useful (15) . Syn2 could pseudotype SIV, HIV or MLV vectors but very low titers also precluded functional studies (25) . Yet, syncytins remain attractive cellular genes for LV pseudotype as they may facilitate in vivo use. This prompted us to investigate the potential of human Syn1 and Syn2 as well as murine SynA and SynB to pseudotype LV. To optimize transduction, we used Vectofusin-1 (VF1), a peptidic transduction additive identified in our laboratory. VF1 is a short histidine-rich amphipathic peptide known to enhance the infectivity of lentiviral or gamma-retroviral vectors pseudotyped with various retroviral envelope glycoproteins, for instance Gibbon ape leukemia virus, the feline endogenous virus RD114 or baboon endogenous virus (BaEV) glycoproteins (26) (27) (28) . VF1 enhances adhesion of LV to target cells, aggregates and pulls-down particules towards cells and promotes virus:cell membrane fusion. Here, the use of VF1 significantly enhanced syncytin-mediated transduction revealing the cellular tropism of syncytins for human or murine primary B lymphocytes. LV pseudotyped with SynA could also be used in vivo and induced less antibody immune responses than LV-VSVG.
Results

Syncytin-pseudotyped LVs are infectious in the presence of VF1 and demonstrate cell-selective infectivity.
To explore the use of human or murine synyctins as LV pseudotype, we transiently transfected the full-length native cDNAs of Syn1, Syn2, SynA or SynB in 293T cells to produce recombinant particles with each of these envelopes (LV-Syn1, 2, A, B). In parallel LV-VSVG wa produced to serve as a comparative control. In the conditions defined and following optimization of plasmid amounts (data not shown), it was possible to produce stable and infectious particles pseudotyped by either of the 4 syncytins (Table 1) . Such LV-Syn particles were successfully concentrated by ultracentrifugation similarly to LV-VSVG (29) . While LV-VSVG batches can be generated by pooling 2 consecutive harvests from the same producing cells 24 hours apart, only 1 harvest was used to produce LV-Syn because syncytin-transfected 293 T cells started to fuse after 24 hours, reducing viral titers (data not shown). The concentrated LV-Syn vectors were cryopreserved at -80°C and the particles were stable for several months (data not shown). Regardless of the syncytin used, LV-Syn had similar physical titers ranging from 4.8 to 7.2 E+05 ng p24/mL and 3.5 to 4.7 E+11 physical particles (pp)/mL using a particle counter (Table 1) . LV-Syn physical titers were similar to those of LV-VSVG indicating that synyctins enable efficient pseudotyping in the rHIV lentiviral system. Infectious properties of LV-Syn were demonstrated with several transgenes including GFP or truncated NGFR and with the use of the VF1 transduction additive (Figure 1 A-C). Initially we tested the human BeWo choriocarcinoma cell line known to express both the ASCT2 and MFSD2a receptors of Syn1 and Syn2 (17) . Little transduction was obtained by vectors used alone or in the presence of cationic agents such as protamine sulfate (PS) or polybrene (PB), two agents that are commonly used to facilitate LV cellular entry (Supplementary Figure S1A ). However, BeWo cell transduction was markedly enhanced by adding VF1 (Supplementary Figure S1A) , prompting a systematic testing of this peptide on various cell lines. In the presence of VF1, human 293T cells were transduced efficiently by human LV-Syn vectors ( Figure 1A ) resulting in vector dose-dependent transgene expression, stable expression over time well-correlated to proviral integration (Supplementary Figures S1 B-E). Murine A20.IIa lymphoma cells were transduced very efficiently by murine syncytins in the presence of VF1 ( Figure 1B ). However, VF1 did not have a universal effect. For instance, murine syncytin-pseudotyped LVs did not transduce 293T cells even in the presence of VF1 ( Figure 1C ), therefore only human syncytin-pseudotyped LVs could be titered on 293T cells. The effects of syncytins were not species-restricted ( Figure 1C ). Cells lines such as 293T cells or Jurkat T cells were transduced by some but not all of the LV-Syn, while others could not be transduced by any of the human or murine LV-Syn tested. Refractory cells included human HCT116 cells which are routinely used in our laboratory for the titration of LV-VSVG (29), murine C2C12 myoblasts or NIH3T3 murine fibroblasts. On the contrary, A20.IIa murine lymphoma cells were readily transduced by all of the LV-Syn tested ( Figure 1C ). Raji B cells were also transduced although not as efficiently as A20.IIa cells, but FACS-sorted transgenepositive Raji cells continued to stably express the transgene and displayed vector integration for at least 49 days of continuous in vitro culture (data not shown). Since A20.IIa cells enabled the highest levels of infection by all LV-Syn tested and were also permissive to LV-VSVg, these cells were chosen to establish an infectious genome (IG) titration by qPCR. When compared, these titers in IG/mL on A20.a cells were similar as those done as TU/mL by FACS on 293T cells (data not shown). Human or murine syncytin-pseudotyped LV were found to have comparable infectious titers, ranging from 4.4 to 11 E+06 IG/mL (Table 1 ). In the conditions used for production, LV-VSVG batches titered 2 to 5 times higher than LV-Syn batches. Thus, LV can be efficiently pseudotyped with human or murine syncytins and the particles are functionally infectious in the presence of an adjuvant.
LV-Syn1 and LV-Syn2 vectors efficiently transduce human peripheral blood B cells.
Positive results on lymphoid cell lines led us to evaluate the transduction of primary blood lymphocytes by LV-Syn. Human peripheral blood mononuclear cell (PBMC) were infected by LV-Syn1 or LV-Syn2 vectors either immediately after cellular isolation, or following a short culture in the presence of IL-7 aiming to maintain the viability of naive lymphocytes overnight (schema in Supplementary Figure S2A ). The total CD45+ nucleated cell population showed transgene expression when VF1 was added and IL-7 pre-activation increased these levels to about 13% and 5% respectively with LV-Syn1 or LV-Syn2 ( Supplementary Table S1 ). However, among these cells, the small subsets of CD19+ B lymphocytes and of CD11c+ cells expressed high levels of transgene whereas only a fraction of the more abundant CD3+ T cells were marked ( Figure 2 -top panels, and Table 2 ). An average of 59% and 44% of CD19+ cells were transduced by LV-Syn1 or LV-Syn2 respectively following IL-7 pre-activation and in the presence of VF1. Such levels were at least as high or even higher than those obtained with high concentrations of LV-VSVG ( Table 2 ). In contrast, peripheral blood T cell marking were not consistent from experiment to experiment but were low ( Figure 2 and Table 2 ). Without prior activation, almost no transduction of T cells is observed.
Since it was possible to transduce quiescent non-activated CD19+ cells, further investigation of CD19+ cell subsets (30) was undertaken using a FACS gating strategy shown in Supplementary Figure S2B . Both naive and memory B cell subsets were effectively transduced with the human syncytin-pseudotyped vectors in the presence of VF1, regardless of prior activation (Figure 2 bottom panels). Naive CD19+ CD27-IgD+ cells (representing 50-70% of the CD19+ B cell population); memory non-switched CD19+ CD27+ IgD+ cells (15-20% of the population); memory switched CD19+ CD27+ IgD-IgM-cells (2-5% of the population); memory switched IgM only CD19+ CD27+ IgD-IgM+ cells (2-5% of the population) and plasmablasts CD19+ CD27hi (1-2% of the population) were transduced efficiently in the absence of prior activation and more effectively than LV-VSVG suggesting a specific tropism of the syncytins for quiescent B cells ( Table 3 ). The transduction of CD19+ B cells by LV-Syn1 and LV-Syn2 were vector concentration-dependent and transgeneindependent ( Figure 2B ). High concentrations of vector enabled the transduction of almost all peripheral blood CD19+ cells to express either GFP or NGFR, thereby providing an effective system to express heterologous proteins in these cells.
Transduction with syncytin-pseudotyped vectors did not appear to affect B cell division and activation. Resting human B cells transduced or not with LV-Syn1 or LV-Syn2 proliferated moderately in response to IL-21 alone and more extensively in response to IL21+CD40L as expected (31) . Transgene-expressing CD19+ cells proliferated as much as the non-transduced cells ( Figure 2C ) (Table 4 ). Transduced cells were able to mature into plasmablasts antibody secreting cells expressing high levels of CD38, CD27 and membrane IgG (data not shown). The proportion of plasmablasts was similar in transduced and non-transduced B cells indicating that exposure to LV-Syn vectors did not prevent cellular activation towards terminal differentiation ( Table 4 ).
Human CD19+ B cells could also be transduced with either of the murine syncytinpseudotyped LV, proliferated robustly in response to IL21+CD40L for 7days and expressed the transgene ( Figure 2D ). Both of the murine syncytins could mediate the transduction of human B cells, but based on transgene levels and integrated vector copies, syncytin B seemed to be more efficient than syncytin A, although additional experiments are needed for confirmation.
Syncytins fail to mediate transduction of CD34+ cells.
Hematopoietic stem and progenitor CD34+ cells express ASCT2, a receptor for the RD114 feline endogenous virus or for the baboon endogenous virus BaEV, and also express ASCT1 which is an auxiliary receptor for BaEV (32) (33) . Consequently, CD34+ cells are efficiently transduced with LV that are pseudotyped by either RD114 or BaEV envelope glycoproteins (34) , particularly in the presence of VF1 (35) (36). Since syncytin 1 also uses ASCT1 and ASCT2 receptors for cell entry (15) , it was expected that CD34+ cells would be transduced by LV-Syn1 in the presence of VF1. This was not the case, even though we used conditions previously tested in our laboratory (29) (26) and had 29±15% of cells expressing the transgene (n=9 donors) after one infection cycle with a LV-VSVg coding for GFP. LV-Syn1 in the presence of VF1 only led to 3±7% cell marking (n=8 donors). Practically no marking was obtained in the absence of VF1 (not shown). LV-Syn2 also failed to transduce CD34+ cells, achieving 0.1±0 marking (n=2 donors) in the presence or absence of VF1. The concentrations of vectors tested in these experiments were the same as in Figure 2 , therefore contrasting the poor transduction of CD34+ cells with the efficient transduction of B and myeloid cells.
Transduction of murine B cells in vitro and in vivo.
Murine syncytin-pseudotyped LV, like their human counterparts, also transduced murine primary B cells in vitro. Without prior activation, spleen cells from C57Bl/6 mice were infected with either LV-SynA or LV-SynB in the presence of VF1 and high levels of transduction were obtained in CD19+B220+ cells after 4 days of culture, whereas CD3+ T cells were only transduced at moderate levels ( Figure 3A ) (gating strategy in supplementary Figure  S3A ). Transduction was confirmed by the detection of vector copies in the cells and the 2 murine syncytins had comparable effects ( Figure 3B ). Murine bone marrow (BM) cells were also transduced with LV-SynA or LV-SynB in the presence of VF1. After 4 days of culture, different stages of B cell maturation (pre-pro B cells, pro-B cells, pre-B cells and mature B cells) defined by differential expression of CD19, B220, CD43, CD24 (gating strategy shown in Supplementary Figure S3B ) were transduced with similar efficiency by the 2 murine syncytins ( Figure 3C ). Transduction of murine BM cells was confirmed by integrated vector copies per cell ( Figure 3D ), although in these short-term experiments, some level of pseudotransduction cannot be excluded.
The transduction of splenic B cells by LV-Syn vectors was confirmed in vivo in mice and over longer periods of time than in vitro studies. A single intravenous injection to mice of 5E+05 IG of LV-SynA expressing luciferase achieved stable gene expression in the spleen as visualized by a bioluminescence signal 3 weeks post-infusion ( Figure 4A-B) . The bioluminescent signal is significantly above background 7 days post infusion of LV-SynA and remains stable over time thereafter ( Figure 4B ). The transgene signal obtained after LV-SynA injection was not as high as that of LV-VSVg but it was notably more selective in terms of biodistribution, as it was not found in the liver contrary to VSVg ( Figure 4A -B). The in vivo transduction of spleen by LV-SynA was confirmed by the detection of vector copies in whole spleen cells, 3 weeks post-infusion of the vector ( Figure 4C ). The levels were low but similar to those obtained following LV-VSVg injections. To ascertain that B cells were transduced, we sorted spleen CD19+ cells by FACS 3 weeks post-infusion of vector (purity > 93%). The presence of integrated vector could be observed by PCR in such purified CD19+ B cells prepared from different mice ( Figure 4D ), although the levels were too low to obtain reliable quantification. B cell transduction in vivo by LV-SynA was confirmed by immunohistological analysis of spleens indicating that follicular B220+ cells expressed the luciferase transgene ( Figure 4E ). It appears that cells other than B220+ cells are transduced in vivo as well, notably in the T cell area of the germinal centers, in coherence with in vitro results.
Expression of the syncytin receptors on B cells.
Possible interactions between B cells and syncytins
have not yet been reported prompting us to search for the presence of syncytin receptors on human and murine B cells. ASCT2 and MFSD2a which are respectively the entry receptors for syncytin-1 and syncytin-2 (15, 17) were readily detected on CD19+ human blood B cells using indirect immunofluorescence and flow cytometry ( Figure 5A ). These receptors were also detected on CD11c+ dendritic/myeloid cells and at lower levels on CD3+ T cells as previously reported by others (37) . Approximately 50% of blood CD19+ cells and of CD11c+ cells expressed detectable levels of ASCT2 and of MSFD2A whereas only about 10% of CD3+ T cells were positive ( Figure 5B ). The differential expression of these receptors in blood cell subsets was confirmed by qRT-PCR which confirmed mRNA expression in CD19+ B cells and the highest levels in CD11c+ cells ( Figure 5C ). Expression of ASCT2 and MFSD2a was also found on 293T cells whereas it was at a much lower level of HCT116 cells providing a likely explanation for their lack of transduction with the human LV-Syn vectors (Supplementary Figure S4 ). The expression of ASCT1 was not examined.
The receptor for murine syncytin A was recently reported as Ly6e (19) and the receptor for the murine syncytin B has still not been identified. In the absence of antibodies suitable for flow cytometry, we used qRT-PCR to demonstrate higher expression of Ly6e mRNA in murine spleen sorted CD19+ B cells, whereas the CD19-cell population expressed low levels of mRNA ( Figure 5 D) . Equivalent levels of Ly6e mRNA were found in primary CD19+B cells and in the A20.IIa cell line. These results are coherent with the ability to transduce these cells with syncytin A-pseudotyped LV.
Lower immune responses induced by syncytin-pseudotyped vectors in vivo.
The administration of viral gene transfer vectors in vivo can induce complex adaptive immune responses dominated by immune recognition of the viral components of vectors and in some cases, by a response against the transgene product. The intravenous administration of LV-VSVg to mice is known to immunize against the transgene (5) linked in part to the interaction of the LV-VSVg particles with professional phagocytes in the liver (7) . The intrinsic immunogenicity of LV is less known. We found that a single intravenous injection of LV-VSVg to mice induced robust antibody responses against the p24 capsid in mice ( Figure 6 ). Replacing the viral glycoproteins of the envelope by syncytin A which is an endogenous cellular protein in mice, induced much lower levels of antibodies against p24 compared to LV-VSVg for the same amount of particles injected.
Discussion
This paper shows for the first time that human and murine primary B cells functionally interact with syncytins because B cells are transduced efficiently by syncytin-pseudotyped LVs and B cells express known syncytin cellular receptors. Human B cells express high levels of ASCT2 and MFSD2a, receptors respectively for syncytin-1 and syncytin-2 (16, 17) . Murine B cells express mLy6e mRNA, the recently-identified receptor for murine syncytin A (19) . Previous reports in the litteratire showed that cultured human myeloid dendritic cells, and to a lesser extent T cells, expressed ASCT2 and MFSD2a (37) but B cells had not been examined in that study. We observed similar levels of ASCT2 and MFSD2a receptors in B cells and CD11c+ dendritic cells and accordingly, both of these cell subsets could be transduced at high levels with either of the LV-Syn1 or LV-Syn2 vectors. At this stage, we describe a functional interaction between syncytins and B cells but cannot exclude that other receptors or accessory molecules are involved in B cells:syncytin interactions. Nevertheless this offers novel possibilities for gene transfer into B cells.
These findings shed a novel light on the interactions of syncytins with the immune system and on the interactions between endogenous retroviral glycoproteins and B cells. Syncytins are involved in somatic cell fusion notably the formation of the syncytiotrophoblast layer in the placenta (13) , myoblast fusion during skeletal muscle regeneration (20, 21) and the formation of multinucleated osteoclasts (22) . While it is not clear how B cells relate to somatic cell:cell fusion processes, B cells may play a role in another function of syncytins which is their immunoregulatory effects. Retroviral envelopes carry an immunosuppressive peptide sequence in their transmembrane chain and this motif is also found in syncytins (23) . The mechanism of action of this peptide sequence remains unclear. It has been postulated to involve antigenpresenting cells by modulating dendritic cell-mediated T cell activation (37) or could directed reduce the activation of T cells as shown by peptide-treated T cell lines (38) . Our results suggest that B cells could potentially be involved and further studies are warranted on this aspect. Physiologically, B cells have the possibility to interact with syncytin-expressing cells or with syncytin-bearing particles at least during pregancy. Syncytins are found in the syncytiotrophoblast layer of placenta that mediates immune tolerance during pregnancy by separating the fetal and maternal blood circulation. Additionally, placental exosomes bearing syncytins are known to circulate and could mediate long-range interactions between syncytins and B cells. Whether or not syncytins modulate B cell function is not clearly obvious as proliferation and differentiation of human B cells was not affected, but more subtle mechanisms could be involved and deserve further investigation. Apart from a putative immunomodulatory effect on immune cells, syncytins could simply but very effectively render the LV particles invisible from immune recognition by endogenizing the envelope. Our results confirm that in vivo administration of LV-VSVG can be immunogenic and show for the first time that a robust humoral immune responses is induced against p24 a capsid component of LV following systemic administration to immunocompetent mice. Antibodies to the capsid could prevent further administration of the vector or may exacerbate immune rejection of transduced cells and could contribute to the loss of transgene expression following the use of LV-VSVg, as observed by others (7) . We also confirm the strong tropism of LV-VSVG to liver already reported (5, 7) and show that in striking contrast, LV-SynA particles do not target the liver. Thus, as postulated by others, the envelope glycoproteins strongly determine tissue tropism and immune recognition of the particles and our results confirm that such glycoproteins can be engineered to change these interactions in a significant manner. Thus, further study is warranted to understand the precise mechanisms involved in syncytin-mediated tolerance to vector administration and B cell interactions. Interestingly, all syncytins studied as LV pseudotype have demonstrated an ability to transduce B cells and this is also the case for another endogenous envelope, the BaEV glycoprotein which allows high levels of gene transfer into activated or resting human B cells, at similar levels as observed with syncytins (39) . The BaEV glycoprotein shares the same cellular entry receptors ASCT1 and ASCT2 as the human syncytin-1 (15) therefore our results showing ASCT2 exression on human B cells provides an explanation for the B cell tropism of BaEV. Other similarities between BaEV and syncytins include the need for a transduction additive when using these glycoproteins as LV pseudotypes (36) . However, contrary to BaEV, syncytins do not mediate efficient T cell transduction or CD34+ cell transduction (40) . Thus, different levels of receptors or other mechanisms such as entry or post-entry restriction steps may explain the differences between BaEV and syncytin cellular tropism.
Whereas B cells are essential players in the immune system, specific tools are required for efficient gene transfer in primary B cells either for cellular studies or to develop therapeutic approaches. The commonly-used VSVg-pseudotyped vectors are inefficient due to the lack of the LDL receptor expression on resting B cells (4) . Besides natural pseudotypes such as BaEV (4), B cell-targeting LV systems have been engineered and were reviewed recently (8) . Human B cells can be transduced by LV displaying Edmonston strain measles virus (MV) glycoproteins using either the native H/F capacity (41) or engineering them with mutations and a single chain Fv (ScFv) targeting hCD20 (42) or hCD19 (43) . These MV-based systems enable about 20-40% transduction of activated peripheral blood human B cells, including malignant activated cells. Thus native syncytin glycoproteins are at least as efficient as MV-LV being capable of transducing almost all peripheral blood B cells with high concentrations of syncytin-LV. However, syncytins are distinct from MV as they did not efficiently mediate the transduction of established EBV-transformed B-LCL cell lines or of B cells during EBV transformation even though a few stably transduced cells could be obtained (not shown). Another unique feature of syncytins is their cross-species ability, since human syncytins can enable gene transfer into murine cells and murine syncytins enable gene transfer into human B cells, which is not the case for other non-VSVG envelopes such as GaLV, BaEV, RD114 or engineered MV-LV. Cross-species ability is advantageous in experimental systems especially for preclinical studies in mice.
Our results show an efficient transduction of B cells in vitro and in vivo but we do not claim that syncytins provide B-cell-restricted tropism. Several tissues are known to express receptors for syncytins but have not been studied yet. Placental layers express very high levels of MFSD2a (17) . MFSD2a is also found and specifically localized in the microvessels of the murine blood brain barrier where it plays an essential role during brain development (44) but it is not known if these tissues would be targeted by vectors for gene delivery. Thus, the display of various human or murine syncytins on gene transfer vectors provides an interesting new tool for in vivo studies and possibly to envision new therapeutic developments but in-depth bioditribution studies should be conducted to determine the specificity of gene deliverey with these tools. Further optimization of vector titers will also be needed for efficient gene delivery in vivo. Certainly these tools could offer an interesting concept to avoid immune recognition which is currently a main limitation of gene therapy.
The transduction additive VF1 revealed the infectivity of syncytin vectors which was inapparent in vitro without this agent, but VF1 was not required in vivo and this difference sheds some light on the mode of action of VF1. This peptide is a short histidine-rich, amphipathic peptide derived from the LAH4 family of DNA transfection agents (26, 28) (27) . This family of peptides is able to bind to nucleic acids and to disrupt endosomal membranes when activated at low pH enabling them to deliver their cargo efficiently and with low associated toxicity (45) . Within this family, VF1 is a specific derivative with lysine residues at the N-terminal extremity containing leucine hydrophobic residues and with a specific hydrophilic angle formed by histidine residues that are important for its activity. VF1 is an efficient retroviral and lentiviral transduction enhancer with pseudotypes such as GALV, GALV-TR, RD114-TR or MLV-A as well as with VSVg which all use receptor-mediated endosomal entry. VF1 enhances LV transduction of target cells by enhancing the adhesion and fusion steps (46) and by promoting viral pull-down following formation of nanofibrils in medium (47) . It is therefore interesting that VF1 also promotes the transduction of target cells mediated by syncytins considering the high fusogenic activity of these proteins, which we observed during production and which is not observed to this level with other glycoprotein LV pseudotypes. Thus, it is likely that VF1 manily enhances transduction through the facilitation of vector-cell contact. This would explain why the addition of VF1 is not necessary in vivo, as contacts between syncytin-LV and target cells may occur in more restricted spatial environment as in culture dishes.
Altogether, our findings contribute to a better understanding of host:vector interactions with possible impact in immunology and gene therapy. The concept of endogenizing the surface of the gene transfer particles with cellular fusion proteins instead of viral glycoproteins could facilitate the use of LV gene transfer in vivo. Our findings also opens possible new applications to use synyctins to target B cells in immunotherapy of cancer, transplantation, genetic or infectious diseases and in biotechnology engineering.
Materials and Methods
Ethical and regulatory aspects
Studies in mice and with human cells were conducted following international ethical guidelines and were authorized by the french ministry of higher education research and innovation with: approval for studies in mice APAFIS#3744-2016012210018523v2 -ethical committee 51; agreement n° 3664 for the use of GMO and declaration DC-2018-3276 for the use of human samples for research.
Animals C57BL/6 mice and C57BL/6 albinos (B6N-Tyrc-Brd/BrdCrCrl) 6 week old mice (Charles River, Italy) were housed in SPF conditions at the CERFE facility (Evry) operated by Charles River. For injections, 100µL volume was used for intravenous (IV) (tail vein) or intraperitoneal (IP) routes and mice were anesthetized with ketamine (120mg/kg) and xylazine (6mg/kg).
Human and murine cells
Human blood of healthy volunteers was purchased from the french blood bank (EFS, Evry, France). Umbilical cord blood was obtained with consent from uncomplicated birth at the Centre Hospitalier Sud-Francilien (CHSF) in Evry. Human embryonic kidney 293T cells (Genethon), human colorectal carcinoma HCT116 cells (CCL-247; ATCC, Manassas, VA), murine embryonic fibroblast NIH/3T3 cells (CRL-1658, ATCC) and murine myoblasts C2C12 (CRL-1772, ATCC) were cultured at 37°C , 5% CO2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with Glutamax and 10% of heat-inactivated fetal calf serum (FCS) (Life Technologies, St-Aubin, France). Human choriocarcinoma BeWO cells (CCL-98; ATCC) were cultured in Ham's F12K medium (Life technologies) supplemented with 10% of FCS. Raji cells, Jurkat cells were cultured in XVivo 20 medium (Lonza, Levallois-Perret, France). A20.IIa murine lymphoma cells (cellosaurus A20.IIa (RRID:CVCL_0J27), kindly provided by S. Fisson) were cultured in Roswell Park Memorial Institute medium (RPMI) supplemented with 10% of heat inactivated FCS, 1% of Glutamax, 1mM of sodium pyruvate (Life Technologies) and 50µM of β-mercaptoethanol (Sigma Aldrich).
Cloning of syncytin-expressing plasmids
pcDNA3.1-syncytin-1, pcDNA3.1-syncytin-2, pcDNA3.1-syncytin-A, pcDNA3.1syncytin-B plasmids were constructed by cloning synthesized DNA sequences (Gencust, Dudelange, Luxembourg) (respectively Ensembl genome browser ENST00000493463, ENSG00000244476, ENSMUSG00000085957 and ENSMUSG00000047977 transcript sequences), into a pcDNA3.1 plasmid (Invitrogen, Carlsbad, California) using standard cloning techniques. Plasmids were produced with endotoxin-free reagents using DNA/RNA purification Nucleobond kit (Macherey-Nagel, Duren, Germany). Plasmid sequences were verified by two strand sequencing. VSVg-pseudotype LV were produced by transient transfection as previously described (26) . Physical particle titers of VSVg-or syncytin-pseudotyped LV were determined by p24 ELISA (Alliance© HIV-1 Elisa kit, Perkin-Elmer, Villebon/Yvette, france) and by Nanoparticle Tracking Analysis with the Nanosight NS300 (Malvern Panalytical, Orsay, France). Infectious titers were determined by testing serial dilutions of vectors on A20.IIa cells in the presence of the peptide Vectofusin-1 (VF1) prepared as described (26) and used at a final concentration of 12µg/mL. After 7 days of culture, A20.IIa cells were analyzed by qPCR to measure infectious genomes (IG)/mL using standard calculations (48) . In some experiments and as indicated, infectious titers of GFP-encoding vectors were also determined as transducing units (TU)/mL in 293T cells using FACS.
Production and titration of vectors
Culture and transduction of human peripheral blood mononuclear cells
Human peripheral blood mononuclear cells (PBMC) obtained by Ficoll gradient centrifugation (Eurobio, les Ulis, France) were suspended in X-VIVO 20 serum-free medium for transduction. When indicated, IL-7 (10ng/mL) (Miltenyi Biotech, Bergisch Gladbach, Germany) was added prior to transduction. Cells were infected for 6 hours with LV in the presence of VF1 (12µg/mL), then washed and X-VIVO 20 supplemented with 10% FCS and IL-7 (10 ng/mL) was added and cells were cultured for up to 7 days. To expand B cells, CD40L (2 µg/mL) and IL-21 (50 ng/mL) were added to the culture medium and cells were cultured up to 2 weeks. For proliferation studies, PBMC were labelled with 2µM CFSE (Carboxy Fluorescein Succinimidyl Ester) (Molecular Probes, Cambridge, UK).
Culture and transduction of murine primary cells
Red blood cell-depleted leukocytes were prepared by shredding the spleen of C57BL/6 mice on a 70µm filter in RPMI medium or from the femurs and tibias flushed with RPMI medium, followed by red cell lysis using ACK buffer. The transduction of either spleen or bone marrow cells was done by culturing 2E+05 cells in 96 wells plates in RPMI medium supplemented with 10% FCS, 1% Glutamax and 50µM of β-mercaptoethanol and adding immediately in the wells LV-SynA or LV-SynB (1E+05 IG/mL) and 12µg/mL of VF1 in a final volume of 200µL. After 6 hours, cells were collected, centrifuged (500g), the medium was changed and cells were cultured for 4 days in the same medium.
Flow cytometry (FACS)
Antibodies used are listed in supplementary table S2. Prior to adding antibodies to cells, Fc receptors were blocked with either gammaglobulin (1mg/mL) (Sigma Aldrich) for human cells or with CD16/CD32 antibodies for murine cells, during 5 min. at 4°C. Staining was done with saturating amounts of antibodies for 30 min. at 4°C in PBS with 0.1% bovine serum albumin (BSA) (Sigma Aldrich), cells were washed twice and 7-amino-actinomycin D (0.3 mg/mL) (Sigma-Aldrich) was added to enable dead cell exclusion. The LSRII cytometer using Diva software (BD-Biosciences) was used and data were analysed with Kaluza (Beckman-Coulter, Villepinte, France) or FlowJo v10 (BD-Biosciences) softwares.
In vivo luciferase imaging
Bioluminescence imaging of mice was started 10 min after IP injection of D-luciferin (150µg/mL) (Interchim) using a CCD camera ISO14N4191 (IVIS Lumina, Xenogen, MA, USA). A 3 min bioluminescent image was obtained using 10 cm field-of-view, binning (resolution) factor 4, 1/f stop and open filter. Regions of interest (ROIs) were defined manually (using a standard area), signal intensities were calculated using the living image 3.2 software (Xenogen) and expressed as photons per second. Background photon flux was defined from an ROI drawn over the control mice in which no vector had been administered.
Murine B cell sorting and PCR
Immediately after sacrifice of mice, one half of each spleen was perfused with collagenase IV (1mg/mL, Invitrogen) and DNase I (50µg/mL, Roche) and then incubated at 37°C 45 min to dislodge as many cells as possible. The reaction was stopped by the addition of EDTA (100mM), cells were isolated by mechanical shredding and stained with anti-B220, anti-CD19, anti-CD3 and anti-CD11b antibodies (antibodies listed in supplementary Table S2 ), washed in PBS with 0.1% BSA and sorted by FACS on the MoFlo® Astrios (Beckman Coulter).
Genomic DNA was extracted from the sorted subpopulations of B cells (CD19+B220+CD3-CD11b-) and T cells (CD19-B220-CD3+CD11b-) using Nucleospin Tissue kit (Macherey-Nagel). Provirus was amplified by 35 cycles of PCR using the PSI_F 5' and WPRE_R primers. PCR primer sequences are listed in supplementary Table S3 .
Immunohistofluorescence on murine spleen
After sacrifice, one half of the spleen of each mouse was paraffine-embedded for immunohistology. Microtome sections (4µm) were saturated with PBS-BSA 5% during 30 min. at room temperature. Sections were stained with a polyclonal antibody anti-luciferase (Novus biologicals) diluted at 1/100 and an antibody anti-CD45R/B220 (BD Pharmingen) diluted at 1/20 as primary antibodies, a donkey anti-goat AlexaFluor 594 (Invitrogen) diluted at 1/1000 and a goat anti-rat AlexaFluor 488 (Invitrogen) diluted at 1/600 as secondary antibodies. Primary antibodies were incubated overnight at 4°C in a humidity chamber and secondary antibodies were incubated for 90 min at room temperature.
Receptor studies
In human cells, total RNA was extracted (SV total RNA isolation, Promega, Charbonnière les bains, France) from CD19+ CD3-CD11c-cells, CD3+ CD19+CD11c-cells and CD11c+ CD3-CD19-cells sorted by FACS (> 95% purity) from PBMC. Residual DNA was removed using the free DNA kit (Ambion, Courtaboeuf, France), cDNA was synthesized using random hexamers (Superscript II first strand synthesis system, Invitrogen). Real time PCR (7900HT, AB Biosystems) was used to quantify either ASCT2 or MFSD2A relative to the housekeeping gene TFIID using primers and probes listed in supplementary Table S3 . The relative abundance was calculated using the formula: relative abundance = 2^-ΔΔCt with ΔCt= Ct gene of interest -Ct housekeeping gene and ΔΔCt= ΔCtsample -ΔCtcalibrator.
RNA was extracted from murine CD19+ and CD19-spleen B cells which were separated by magnetic bead selection (Miltenyi) using the RNeasy mini kit (Qiagen). Reverse transcription was performed with random hexamers using Verso cDNA Synthesis Kit (Invitrogen). Real time PCR was performed using LightCycler 480 system (Roche, Basel, Switzerland) to amplify mLy6e with primers listed in Supplementary Table S3 and Sybr Green PCR Master Mix (Applied Biosystem, Foster city, CA, USA). Results are expressed in relative abundance to the P0 housekeeping gene.
Detection of murine anti-p24 antibodies by ELISA
Recombinant p24 (Abcam, Cambridge, U.K.) was bound to plates using high binding 96-well Nunc MaxiSorp Immunoplate (Thermo Fisher Scientific) coated 2 hours at 37 °C with 100 ng per well of p24 recombinant protein diluted at 1 µg/mL in 0.2 M carbonate/bicarbonate buffer in pH 9.5, then wells were blocked with PBS-BSA 2% for 2 h at room temperature. A mouse anti-HIV p24-specific monoclonal antibody (clone 38/8.7.47) (Abcam, Cambridge, U.K.) was used as standard and tested in parallel with serum samples diluted in assay buffer (PBS BSA 0.5%). Samples were incubated 2 hours at room temperature. After 3 washes, HRPconjugated polyclonal goat anti-mouse IgG antibodies (Jackson Immuno Research, Newmarket, U.K.) (1/1000 dilution) were added, incubated 1h at room temperature and reactions were revealed by adding 3,3′,5,5′-tetramethylbenzidine substrate (TMB) (BD Biosciences) and measuring OD at 450 and 570 nm (for background substraction) (Enspire plate reader, Perkin Elmer) after blocking the reaction with H2SO4.
Statistical analysis
Statistical significance was assessed as specified, using GraphPad Prism software (GraphPad Inc, La Jolla, CA).
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Fig. 1: Gene transfer into various cell lines with syncytin-pseudotyped vectors and VF1
(A). Human 293T cells were infected with 1E+05 TU/mL of LV-Syn1 or LV-Syn2 encoding GFP in the presence or not of VF1. GFP expression was measured after 3 days by FACS. The enhancing effect of VF1 was statistically significant as shown in 5-7 experiments using a paired t test. (B). Murine A20.IIa cells were infected with 1E+05 IG/mL LV-SynA or LV-SynB encoding a truncated NGFR, in the presence or not of VF1. NGFR expression was measured after 3 days by FACS. The enhancing effect of VF1 was statistically significant as shown in 3 experiments using a paired t test. (C). Various human (HEK293T, HCT116, RAJI, Jurkat) or murine (C2C12, NIH3T3, A20.IIa) cell lines were infected with 1E+05 IG/mL of the indicated vectors encoding NGFR in the presence of VF1. NGFR was measured after 7 days by FACS. Results are representative of 3 separate experiments. C57BL/6 mice (n=4 in each group) were injected in the tail vein with either PBS or with the same amount of physical particles of LV-SynA or of LV-VSVg each encoding the same GFP cassette (injections of 4E+09 pp of vector /mouse representing similar values of p24 which were 4200ng p24 for LV-VSVg and 3700ng p24 for LV-SynA). Blood was sampled at different time points following vector administration and the presence of antibodies to p24 was measured by ELISA and expressed as µg/mL against a mIgG standard. The ELISA detection threshold was 0.25 µg/mL. Legend: Physical titers were measured by p24 ELISA and by direct physical particle (pp) counting using a particle counter. Infectious titers were measured on A20.IIa cells in the presence of VF1 and defined as infectious genomes (IG) /mL using qPCR. Legend : Human PBMC were transduced with the indicated vectors and with or without VF1 in steadystate conditions (no activation) or following a short overnight pre-activation with IL-7, and subsequently cultured with IL-7 for 3 days. LV-Syn vectors were used at 1E+05 TU/mL after FACS titration on 293T cells and LV-VSVg were used at 1E+08IG/mL as titered by qPCR on HCT116 cells. Transduction results are expressed as the average percentage ± SD of cells positive for GFP in CD19+ (B cells), CD3+ (T cells) or CD11c+ (myeloid dendritic cells). Data represent 3 separate experiments without VF1 and 8 to 9 separate experiments in the presence of VF1. (*) p<0.05 compared to "LV-VSVG+VF1" in a paired Student's t test FACS gating strategy to analyse the transduction of bone marrow cells.
Fig. S4: Receptor expression on human cell lines.
Immunostaining for ASCT2 and MFSD2a on HEK293T cells and HCT116 cells. Histograms represent the mean fluorescence intensity (MFI) of unstained negative control cells (black), cells stained with irrelevant IgG and the Alexa 647-conjugated secondary antibody (red), cells stained with the anti-ASCT2 and secondary antibody (blue) and cells stained with anti-MFSD2a and secondary antibody (purple). 
